Europ. J. Agronomy 32 (2010) 112-119

European Journal of Agronomy

journal homepage: www.elsevier.com/locate/eja

: : : : o
Contents lists available at ScienceDirect L] .ﬂ.u.lju,usm..\(
Juleisi by,
ATEDIDIYS

Designing a hedgerow network in a multifunctional agricultural landscape:
Balancing trade-offs among ecological quality, landscape character and

implementation costs

Jeroen CJ. Groot®*, André Jellema?P®, Walter A.H. Rossing?

2 Biological Farming Systems Group, Wageningen University, P.O. Box 563, 6700 AN Wageningen, The Netherlands
b Alterra Green World Research, Wageningen University and Research Centre, P.O. Box 47, 6700 AA Wageningen, The Netherlands

ARTICLE INFO

Article history:

Received 8 July 2008

Received in revised form 27 May 2009
Accepted 6 July 2009

Keywords:

Multifunctional agriculture
Spatial planning
Optimization

Pareto optimality
Ecological network
Landscape character
Hedgerow

1. Introduction

ABSTRACT

Spatial planning aimed at multifunctional agriculture can be seen as a negotiation process on environ-
mental, social and economic aspects of land use. Complexity arises due to the high number of stakeholders
and due to the limited knowledge, which is often organized along disciplinary divides. This paper sets
out from the premise that the role of agronomy in such land use planning processes can be strength-
ened by approaches that allow multi-objective and multi-scale evaluation of spatially explicit land use
alternatives. We present an application of the explorative Landscape IMAGES framework, which employs
the Differential Evolution optimization strategy and the concepts of Pareto optimality that are relatively
easy to implement and to combine with spatially explicit indicator assessments. This technique yields
a set of solutions, each representing a spatial configuration of hedgerows in a landscape along with the
performance of the landscape in terms of Pareto rank and efficiency. The methodology was applied in
a redesign of the structure of linear landscape elements in an agri-ecological zone in The Netherlands
where 7 indicators representing ecological quality, landscape character and implementation costs were
considered. The case study was developed in interaction with an NGO involved in landscape management
planning and implementation.

Spatial cohesion in the landscape was found to increase with larger total hedgerow length, but could also
be improved without increasing the total length (and therefore costs of establishment and maintenance).
Trade-offs existed with other objectives, since this change would involve replacing hedgerows currently
positioned in the longitudinal direction (L) of the fields by hedgerows in the transversal direction (T).
This change would compromise cultural heritage value as expressed in the L/T ratio, and it would require
removal of mature hedgerows in some places and adding of new hedgerows elsewhere in the landscape,
thereby increasing implementation costs.

The approach was evaluated positively in terms of design validity, output validity and end-user validity.
The role of the Landscape IMAGES framework in setting a research agenda to enhance the role of agronomy
in multifunctional land use planning is discussed.

© 2009 Elsevier B.V. All rights reserved.

alone, but also require to be managed at a regional scale (Gottfried
et al., 1996; Cumming et al., 2006). To realize the potential of these

Diversification of farming systems as an answer to the sustain-
ability problems in agriculture and to the increasing urbanization
of Europe has given rise to new economic on-farm activities such as
nature conservation, agro-tourism and maintenance of cultural her-
itage values (Vos and Meekes, 1999; O’Conner et al., 2006). Different
from the traditional agricultural activities of food and fibre produc-
tion these activities can not be managed at a farm or field scale
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new economic activities farmers increasingly need to interact with
other stakeholders in the region as part of regional planning pro-
cesses (Holloway et al., 2006; Franks and Mc Gloin, 2007). This
has consequences for agronomic research which thus far has had
only limited attention for the regional scale (e.g. Leenhardt et al.,
2009).

Spatial planning of land-use and management activities aimed
at sustainable natural resource management may be seen as a com-
plex negotiation process on environmental, economic and social
aspects of land-use. Complexity arises due to the high number
of stakeholders with often contrasting perspectives and divergent
expectations about future development of a region (Kangas et al.,
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2005) and the limited scientific understanding of biological pro-
cesses (Carpenter et al., 2006).

In negotiation situations, a widely applied planning method
is the construction of “sketch designs” for regional development
based on narrative scenarios describing drivers of change for the
future and normative viewpoints on development objectives and
the indicators by which these are to be measured (Miinier et al.,
2004; Dockerty et al., 2006). Because of their basis in narratives,
sketch designs are necessarily few in number, e.g. representing
business as usual and responses to 2-4 extreme future scenarios.
The use of a small number of alternative sketch designs may seem
attractive in complex planning processes since it avoids the ‘agony
of choice’, but at the same time this approach does not allow to
explore plans in which objectives would be better served by over-
coming trade-offs among objectives.

In contrast to the planning practice of sketch designs, scientific
efforts to support decision making start from a much broader set
of possible options, but in their results usually emphasize single
solutions, which are denoted as ‘optimal’ in methods such as math-
ematical programming or multi-criteria approaches, or ‘acceptable’
in the case of methods such as viability analysis or constraint
programming (Groot et al., 2009). Although these methods may
provide valuable insights, there is no systematic exploration of
the solution space. As a consequence, these methods fail to clar-
ify the interactions between the environmental, economic and
social indicators and present a narrow view of future possibilities,
addressing only a limited number of perspectives (Carpenter et al.,
2006).

In addition to the methodologies used, the traditional separa-
tion of agronomy from other disciplines involved in land-use is
cause for concern when comparing the actual and the potential
role of agronomic knowledge in land-use planning negotiations. A
review by Rossing et al. (2007) not only demonstrated the strength
of studies from agricultural sciences in addressing indicators in the
economic and abiotic environmental domains, but also revealed a
lack of attention for the social and biotic environmental domains.
The IAASTD report (IAASTD, 2008) came to similar conclusions,
based on a worldwide assessment of agricultural knowledge. A
recent review by Leenhardt et al. (2009), albeit strongly focused
on French studies, showed that agronomic studies at the regional
scale addressed particularly agriculture-to-agriculture effects, e.g.
through gene flow, water availability or erosion, or pollutant effects
of agriculture through plant nutrients and pesticides.

There is a rapidly increasing body of literature on the analysis
and exploration of multifunctionality in land-use systems (Renting
et al., 2009; Groot et al., 2009; reviews by Otte et al., 2007 and
Rossing et al., 2007). These research efforts have resulted in the
development of a number of methods for spatial and dynamic
planning for natural resource management in multifunctional agri-
cultural landscapes (e.g. Swetnam et al., 2005; Hajkowicz et al.,
2005; Holzkamper and Seppelt, 2007; Groot et al., 2007; Tichit et
al,, 2007; Bryan and Crossman, 2008). This paper departs from the
premise that supporting the adjustment of agriculture to new mul-
tifunctional demands of society requires methodology for salient
interaction with the broad community involved in regional plan-
ning. In a previous paper (Groot et al., 2007), we described the
conceptual basis of an approach called Landscape IMAGES in which
economic objectives could be addressed along with abiotic and
biotic environmental objectives. In this paper we describe an appli-
cation of the approach to a real-world case study which allowed
us to explore the validity of the approach in terms of design, out-
put and end-users (Bockstaller and Girardin, 2003), and identify the
research agenda for input of knowledge from agronomy.

The Landscape IMAGES methodology entails the exploration of
the whole solution space to find the trade-offs or the optimal pat-
tern of interactions between the land-use functions (Chee, 2004).

Any Landscape IMAGES implementation consists of two or more
objectives, decision variables which are spatially explicit and often
integer, indicators to evaluate the performance of solutions, con-
straints including those on objectives or decision variables, and
a vector-based landscape map in GIS which describes the spatial
relations in alternative solutions and allows model results to be
visualized. Key to the identification of trade-offs among objectives
is the use of Pareto-optimality to assess the quality of a solution in
comparison with other solutions found.

The application presented in this paper concerns the redesign of
a hedgerow network in an agri-ecological zone in The Netherlands.
The case describes an interactive model-development process with
a non-governmental landscape management organization respon-
sible for planning and realization of adjustments in the landscape
structure of agri-ecological zones in the province of Friesland, The
Netherlands. In the Dutch planning system adjustments on private
land can only be made with the consent of land owners, in this
case farmers. Proposed changes to landscape structure have long-
term repercussions for agricultural practice by limiting the space to
manoeuvre with machinery and by requiring the farmers to main-
tain hedgerows, payment of which is a political issue and uncertain.
These topics are highly contentious in the region where the farmers
aim to practice ‘large scale farming in a small scale landscape’. As
in their restructuring projects the landscape management organi-
zation depends on collaboration of farmers, insight in alternative
plans which would be acceptable to all parties was deemed to be
useful. In the next section we present the Landscape IMAGES frame-
work and its application to the design issues in the case study.
Results are presented (Section 3) and discussed (Section 4) with
a particular focus on the validity of the approach and the niche the
approach provides for agronomy to take its place in spatial planning
processes.

2. Methodology
2.1. Conceptual model
The exploration of the trade-offs between performance criteria

or objectives can be formulated as a multi-objective design prob-
lem, which can be generally stated as follows.

Max F(x) = (F1(x), - .., Fy(x))" (1)

x:(xl,...,xz)T (2)
Subject to i constraints:

&x)<h; (3)
where Fi(x), ..., Fy(x) are the y objective functions that are

simultaneously maximized or minimized, and (x4, ..., X;) are the
decision variables that represent the activities allocated to the z
spatial units. The decision variables can assume values from a pre-
defined array xS, where S is the parameter space. Constraints (Eq.
(3)) may arise from the problem formulation, for instance by limi-
tations on the inputs or outputs related to farming or management
activities.

2.2. Pareto-based Differential Evolution

The trade-offs between the objectives were explored with a
multi-objective implementation of the evolutionary strategy of
Differential Evolution (DE) developed by Storn and Price (1997).
Currently, DE is widely used in the research community due to its
simplicity, efficiency and robustness (Bergey and Ragsdale, 2005;
Mayer et al., 2005). DE involves the iterative improvement of a set
of solutions or genotypes, consisting of alleles. In our application
the genotypes represent alternative landscapes and the alleles are
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decision variables in which the occupation of the field borders was
encoded as a real number. A genotype is a multi-dimensional vec-
tor p=(py, ..., pz)! of z alleles. Each allele p; is initialized as p; o by
assigning a random number within the allowed range:

pio = L(pi) +1; (U(p;) — L(p1)) (4)

where r; denotes a uniformly distributed random value within the
range [0, 1] and L and U are the lower and upper values of the
allowed range. A new generation t+1 is created by applying muta-
tion and selection operators on the individuals in the population P
ofthe current generation t. The first step of the reproduction process
is generation of a trial population P’ that contains a counterpart for
each individual in P, produced by parameterized uniform crossover
of a target vector and a mutation vector. The mutation vector is
derived from three mutually different competitors cq, ¢, and c3 that
are randomly selected from the population P in the current gener-
ation t. The allele values are taken from the mutation vector with
probability Cg:

Y X +Fx(cri—ci) ifri<Cr 5)
Le+l Dit otherwise

where r; is a uniformly distributed random variable. The param-
eter Fe[O, 2] is a parameter that controls the amplification of
differential variations. After a mutation, the value of p';;; can
extend outside of the allowed range of the search space. For allele
values that violate the boundary constraints the repair rule pre-
sented in Eq. (6) is applied. This rule implements a mechanism that
can be denoted as ‘back folding’: the adjustment for the allele is
calculated by interpolation into the allowed range from the bound-
ary by a value that is proportional to the difference between the
boundary and violation values:

pi,.— L) .
LUpy) — = i P}y < LPY)
P = Dy —Up) (6)
i,t+1 U(p;) — Jhtdl T 1fpl.!t+1 > U(p;)
p;,t+1 otherwise

A trial genotype p’+q replaces p; if it outperforms the parent
genotype. Here, better performance is interpreted as a better Pareto
ranking, a higher Pareto efficiency or located in a less crowded area
of the solution space than the parent genotype. These performance
criteria are explained below. Population size N is determined by the
number of alleles in the genotype z and a multiplication factor M.
The last parameter in the DE algorithm is the number of generations
G, which serves as the stopping criterion. The parameter values for
F, Cg, M and G as employed in this study were derived from factorial
analysis in preliminary optimization runs, where G was chosen such
that the volume of the solution space no longer expanded.

The concept of Pareto optimality was used to assess the per-
formance of solutions, since it avoids the need of normalization
and a priori weighing of objectives as is the case with common
multi-criteria methods. As such it fits very well the aim of support-
ing negotiation by providing insight in objectives without undue a
priori restriction of the solution space.

The first criterion for the performance of a solution is its Pareto
rank as proposed by Goldberg (1989). Individuals in the population
are Pareto-optimal when they do not perform worse than any other
individual for all the objectives, i.e. when they perform equal to or
better than any other individual in at least one objective. In such
case, there is no objective basis to discard the individual. These
individuals are called non-dominated and receive rank 1 (Fig. 1).
This set of solutions is called the trade-off frontier. The next step in
Pareto-ranking the entire population of solutions is to remove the
rank 1 individuals from the population and identify a new set of
non-dominated individuals, which is assigned rank 2. This process

Fig. 1. Pareto optimality illustrated for a solution space of two objectives F; and F,
that are maximized: symbol (B ) indicates solutions which are not dominated by
any other solutions: setting level f; for objective function F; as a minimum level,
there will be no alternative solution in the dataset with a higher value for objective
F,. The arrows indicate the selection pressure exerted by Pareto ranking (solid) and
the crowding metric (dashed).

is continued until all individuals in the population are assigned a
Pareto rank.

The probability of equal Pareto ranks increases when the number
of dimensions of the solution space increases, i.e. when the num-
ber of objectives in the decision problem increases. This means that
the number of solutions in the trade-off frontier increases, which
causes the DE algorithm to progress more slowly towards better
solutions. Das (1999) proposed to take Pareto efficiency as an addi-
tional performance criterion in the case that two solutions have
Pareto rank 1. A solution is Pareto efficient of order k if it is not
dominated by any other solution in each k-dimensional subset of
the y-dimensional solution space (Das, 1999), where 1 <k <yand y
is the number of objectives. Solutions with a low Pareto efficiency
value are considered better compromise solutions since they are
dominated in fewer dimensions. The concept of Pareto efficiency
can be seen as an extension of the concept Pareto optimality.

If two solutions have the same rank and efficiency, a third selec-
tion criterion, the crowding distance, is taken into account. The
metric ® represents the within-rank solution density and is calcu-
lated from the normalized distance from solution p to the nearest
solution in the search space, as follows (Deb et al., 2002):

k _
_ |d; —d|

where B; is the range of objective j, which is calculated as the
difference between the minimum and maximum values of objec-
tive j. Variable d; denotes the Euclidian distance between genotype
p and the nearest neighbouring solution within the Pareto front of
a given rank and the parameter d is the average of these distances.
An individual is replaced by a trial solution of the same rank and
efficiency if the latter is located in a less densely populated part
of the solution space. Pareto ranking exerts a pressure orthogonal
to the surface of the trade-off frontier, whereas the crowding met-
ric stimulates spread of solutions over the surface and within the
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solution space (see arrows in Fig. 1). Together these metrics ensure
progress of the entire frontier to better solutions.

2.3. Hedgerows in the Friesian Woodlands

The Friesian Woodlands are a unique agricultural area in the
north of The Netherlands consisting of a mosaic of fields bor-
dered by hedgerows. The landscape of the Friesian Woodlands is
comparable to the Bocage landscapes in Brittany and Normandy
(Baudry et al., 2001) and contains the densest hedgerow networks
of The Netherlands (Dijkstra et al., 2003). The hedgerows were
originally planted as cattle fence and property boundary, but are
nowadays highly valued for their ecological and cultural-historical
qualities (De Boer, 2003). The prevailing land-use activity between
the hedgerows is dairy farming. On some farms a limited proportion
of up to 5% of the area is used for forage maize production, while
the rest of the area is occupied by permanent grassland. In this set-
ting the Landscape IMAGES framework has been applied to support
the development of an agro-ecological zone of 873 ha by evaluat-
ing and generating alternatives for a sketch design produced by a
regional, non-governmental landscape management organization
‘Landschapsbeheer Friesland’ (LBF) responsible for development
and implementation of landscape improvement projects in the
zone. A set of alternative landscape configurations was generated
with the Pareto-based Differential Evolution multi-objective opti-
mization algorithm, in which each solution represented a different
configuration of hedgerows in the case study area. The results of the
optimizations were compared with the performance of the ‘orig-
inal’ hedgerow configuration as encountered by LBF at the start
of the planning project, and the implemented ‘sketch design’ as
developed and implemented by the landscape management orga-
nization.

2.4. Objectives and indicators

Objectives and indicators for the Landscape IMAGES application
were developed in an iterative process of model design, demon-
stration of consequences and redesign of the model between the
researchers and LBF, in which the representatives of LBF played
an active role in the formulation of objectives and indicators. In
the course of three meetings a set of objectives and indicators ini-
tially proposed by the researchers was adjusted and extended to
match the interests of LBF. The final set included a total of 7 indica-
tors describing ecological quality, landscape character, and costs of
implementation and maintenance.

2.4.1. Ecological quality

Spatial coherence of the hedgerow network was used as a mea-
sure for ecological quality. Depending on their mobility different
species will experience a different degree of clustering of hedgerow
habitat in the network. The connectivity of landscapes can be cal-
culated from the relation between dispersal capacity (Dcap) of the
species and the size of the largest interconnected cluster of habitat
in the network (Urban and Keitt, 2001; Fall et al., 2007). In the case
study the integral of this function (Fig. 2a) was used as measure of
spatial coherence and was maximized.

The relation between dispersal capacity and maximum cluster
size can be calculated efficiently by determining critical distances in
the network structure using graph theory (Bondy and Murty, 1977).
The critical distance is the smallest non-habitat distance between
two parts of the network that needs to be crossed in order to be
able to connect these two parts. For species which are capable of
crossing such a critical distance a larger part of the network is acces-
sible than for species which are not able to cross this distance. The
hedgerow network can be described as a graph by representing
each of the hedgerows as a point or node, and the possible connec-

tions between the hedgerows as lines or edges. Each connection
between two hedgerows is weighted by the minimum distance
between them. The critical distances in the network can now be
determined by calculating a minimum spanning tree (NeSetfil et
al., 2001) or the minimum set of edges that connects all parts of the
networks.

2.4.2. Landscape character

Landscape character is defined as the presence, variety and
arrangement of different landscape features, which gives a land-
scape a specific identity and makes it stand out from other
landscapes (Swanwick and Consultants, 2002). The patterns of
fields and hedgerows determine the appearance of the Friesian
Woodlands and give a sense of place to the people inhabiting
the landscape (Renting and Van Der Ploeg, 2001; Stedman, 2003).
Together with LBF the following indicators for variation, continu-
ity and historical characteristics of the hedgerow patterns were
developed.

The hedgerows surrounding the fields divide the landscape into
elongated visual chambers, the length of which is denoted as sight
line (Fig. 2b). Variation in sight lines contributes to the visual qual-
ity of the landscape (De la Fuente de Val et al., 2006). Sight line
homogeneity, represented by the evenness of the frequency distri-
bution of the length of visual chambers was used as an indicator,
and was minimized.

In the hedgerow landscape of the Friesian Woodlands, a sight
line from road to road (Fig. 2b) is undesirable and perceived as dis-
turbing the pattern of the landscape. To optimize the continuity of
the landscape the indicator porosity, expressed as number of con-
tinuous sightlines from road to road, was defined and minimized.

Historically, the landscape has a high ratio of longitudi-
nal hedgerows (L) over transversal hedgerows (T) relative to
the parcelling direction, resulting in elongated visual chambers
(Anonymous, 2006). This characteristic was maintained by maxi-
mizing the L/T ratio.

2.4.3. Implementation and maintenance costs

Removal, planting and maintenance of hedgerows were con-
sidered as separate objectives as each is associated with its own
ecological, socio-cultural and agronomic considerations which are
highly relevant to farmers that invest labour in maintenance and
the financers of landscape development plans who would aim to
reduce costs of restructuring.

Removal of existing hedgerows can disrupt the socio-cultural
characteristics of the landscape expressed in particular patterning.
Moreover, older hedgerows, some exceeding 100 years of age, repre-
sent unique ecological habitats. And finally, removal of hedgerows is
costly. Here, the details of each of these consideration are not taken
into account, but as a general objective removal of hedgerows was
minimized.

Addition of new hedgerows is also costly and was minimized.

From the perspective of some farmers aiming to develop large-
scale farming systems, the presence of hedgerows forms a barrier to
manoeuvre with machines and for the enlargement of fields. More-
over, these farmers consider hedgerows as unwanted sinks of labour
for maintenance and related costs. To represent this perspective, the
total hedgerow length in the landscape was minimized.

2.5. Implementation

The model was implemented in the Microsoft .NET Develop-
ment Environment. The landscape configuration data were directly
accessed from ESRI shape files (Anonymous, 1998) with the
ShapelLib.dll (URL: http://www.shapelib.maptools.org/). The addi-
tion of new linear landscape elements to the landscape and the
removal of landscape elements were determined by the DE algo-
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Fig. 2. (a) Spatial coherence of the hedgerow network, defined as the relation between the dispersal capacity (Dcap) and the largest interconnected cluster of habitat in the
network. The integral of this function was maximized. (b) Conceptual illustration of landscape pattern of the Friesian Woodlands. The hedgerows divide the landscape into

elongated visual chambers. Sightlines from road to road (porosity) are undesirable. Legend: (/ ) road (\’ ) hedgerow, and (“\ ) sightline.

rithm. The generated solutions, each representing a landscape were
evaluated for the 7 objectives described above.

3. Results

The final solution set provided by the algorithm offered a
large range of Pareto-optimal landscape configurations. The 7-
dimensional objective space was visualized by projecting the
solutions onto 2-dimensional surfaces (Fig. 3). Relations between
some objectives were narrowly defined, e.g. between hedgerow
length and spatial cohesion (Fig. 3a) or porosity and sight line
homogeneity (Fig. 3p). Apparently the other objectives did not
affect the relation in a major way. Such relations indicate strong
trade-offs or conflicts between the objectives, leaving limited room
for negotiation. At the other extreme, point clouds indicated the
existence of alternative Pareto-optimal solutions, e.g. for spatial
cohesion and L/T ratio (Fig. 3g) or for porosity and hedgerows
removed (Fig. 3r). For each value of one objective several landscapes
existed that were Pareto-optimal, yet very different in terms of the
other objective. Such relations provide more room for negotiation.
Most relations in Fig. 3 fell between these extremes, combining
sharply defined trade-offs with less clear relations.

As an illustration of the interaction among the various indica-
tors, spatial cohesion was found to be positively related to total
hedgerow length (Fig. 3a). Alternative solutions at a particular
value of total hedgerow length demonstrated that further improve-
ments in spatial cohesion would be possible without increasing
total hedgerow length (Fig. 3a) and therefore maintenance costs of
hedgerows in the landscape. However, this would involve replacing
hedgerows currently positioned in the longitudinal direction of the
fields by hedgerows in the transversal direction. As an additional
positive effect, such an adjustment would reduce the porosity of
the landscape as desired (Fig. 3¢), but clear trade-offs existed with
other objectives, since the change would probably compromise cul-
tural heritage value as expressed in the L/T ratio (Fig. 3b), and it
would require removal of hedgerows in some places and adding
new hedgerows elsewhere in the landscape (Fig. 3e and f). The
occurrence of these trade-offs implies that priorities need to be set
to make further planning decisions.

We projected the performance of the ‘original’ landscape con-
figuration (yellow square) and LBFs’ ‘sketch design’ (yellow circle)
in the plots describing the solution space (Fig. 3). The decision rules
employed by LBF to create the sketch design positively affected spa-
tial cohesion (Fig. 3a) at the cost of adding about 5 km hedgerow

and removing none (Fig. 3e and f), but reduced the L/T ratio from
ca. 9 to 6.5. Both porosity and variability in sightlines were slightly
increased. LBF did not explicitly evaluate their sketch design for
these undesirable changes.

Solutions with a low Pareto efficiency value can be typified as
the ‘best compromises’ because they contain fewer trade-offs and
are therefore likely to be interesting from a planner’s point of view.
Lowest Pareto efficiency found in the set of Pareto-optimal solu-
tions was k=5, which was associated with 5 landscape alternatives
(the red circles in Fig. 3). In the solution space these compromise
solutions were located close to the original situation, but were char-
acterized by desirable lower sight line homogeneity and higher L/T
ratio, albeit often at the cost of investments in removal and adding
of hedgerows. Spatial cohesion remained at a similar level as in the
original situation. Solutions with Pareto efficiency values of 6 and 7
were identified in Fig. 3 as blue and green circles, respectively. These
points represent solutions in which most trade-offs occur among
the 7 objectives, although all are Pareto-optimal.

In Fig. 4 two alternative landscape maps are presented, which
constitute the spatial representation of two Pareto-optimal solu-
tions. Although these landscapes have similar economic and
ecological performance their visual appearance is very different,
which can be related to differences in the values of the indicators
of L/Tratio (8.79 versus 5.75) and landscape porosity (45 versus 15).
The presence of different alternative solutions for similar parame-
ter settings demonstrates the various ways in which objectives can
be matched and focuses discussion about details of the implemen-
tation of a landscape plan.

4. Discussion

Already in the 1970s Penning de Vries (1977) proposed to
evaluate model performance in terms of ‘usefulness’ and ‘truthful-
ness’. Recently, Bockstaller and Girardin (2003) distinguished three
validation dimensions, viz. end-user validation equivalent to use-
fulness, output validation equivalent to truthfulness, and design
validation, thus adding the issue of how a particular model config-
uration or indicator was selected. The latter is particularly relevant
where no data exist to assess output validity based on data. We will
discuss these three domains in turn starting with end-user valida-
tion, leaving aside the philosophical issue of whether ‘validation’ is
possible at all.

The solution space generated by the Landscape IMAGES frame-
work as presented in Fig. 3 revealed the ‘playing field’ for the NGO
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Fig. 3. The 7-dimensional solution space represented by 2-dimensional plots of relations between the objectives. Each point represents a landscape configuration. Symbols
indicate Pareto efficiency of k=7 (@, blue), k=6 (®, green) or k=5 (®, red). The original landscape (B, yellow) and the sketch design developed by the NGO (®, yellow) are
indicated.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

‘Landschapsbeheer Friesland’, as delimited by the minimum and
maximum attainable values for the desired objectives; it demon-
strated the interactions between objectives including trade-offs and
possible synergies; and it provided insight into options to combine
different land-use objectives. Such outputs may contribute to the
understanding of the system by the stakeholders and can provide
a sound basis for balanced decision making that does justice to the
perspectives and interests of broad groups of stakeholders, which
is considered instrumental for active management of ecosystem
services (Robertson and Swinton, 2005).

The study demonstrated that the spatial coherence of the case
study area could be increased to support the dispersal opportuni-
ties of species with different dispersal ranges, with limited costs of
planting of hedgerows or labour inputs of farmers to maintain the
hedgerows. Key strategy to achieve such result would be to con-
nect existing large connected fragments of existing hedgerows by
targeted placement of new hedgerows in the transversal direction
of the fields. This would also reduce the porosity of the land-
scape, improving the visual perception. On the other hand, it would

reduce the ratio between longitudinally and transversally directed
hedgerows, thereby changing the cultural heritage value of the
landscape. These results originated from a joint effort of researchers
and landscape planners. The NGO ‘Landschapsbeheer Friesland’
considered the application of the Landscape IMAGES framework to
be supportive in their landscape re-design practice as was appar-
ent from statements and from their continued participation in the
3-year process. The need in Landscape IMAGES to define explicit
objectives and indicators brought out the largely implicit design
rules of the NGO and stimulated reflection. Presentation of prelimi-
nary results from various intermediate versions of the model during
project team meetings helped to elucidate hidden constraints that
had been used by the NGO in formulating the sketch design and
needed to be included in the model as well. The confrontation
between the sketch design and the Pareto optimal set allowed
the LBF representatives to assess their result against the range of
possible alternatives. The benefit for the NGO end-users was also
apparent from their invitation to the research team to contribute to
a large landscape restructuring project surrounding the construc-
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Fig.4. Original hedgerow configuration in the 873 ha case study region in the North-
ern Friesian Woodlands (a) and a generated landscape (b) with similar hedgerow
length (85.6 km in (a) and 85.7km in (b)) and connectivity (6.7 and 6.9, respec-
tively), but strongly contrasting ratio between longitudinal and transversal hedges
(8.791in (a) and 5.75 in (b)) and porosity (45 and 15, respectively).

tion of a major road in the area. Here, trade-offs with agriculture
will be addressed in more detail.

Output validation concerns the value of the information about
reality in the model. No data exist, or are likely to become available
soon, about the landscape system as a whole. This implies that vali-
dation of the output value shifts to the individual indicators. None of
the indicators had a direct link to simulation models, or to a specific
dataset. The landscape character indicators porosity, L/T ratio and
sight line homogeneity were strongly based on input by landscape
experts from research and from the region. Indicator validity was in
these cases thus fully based on consensus, denoted by Bockstaller
and Girardin (2003) as global expert validation. The ecological qual-
ity indicator landscape cohesion was based on general ecological
principles derived from particularly modelling studies (e.g. Urban
and Keitt, 2001; Verboom et al., 2001), and thus based on quali-
tative comparison with results from other approaches (Bockstaller
and Girardin, 2003). There is an urgent need for validation based on
quantitative tests with empirical data. From the agronomy domain,
data and models of gene flow with pollen (Colbach et al., 2009) and
dispersal of plant pathogens (Skelsey, 2008) and crop pests (Bianchi
etal., 2007) hold promise to better understand the general relation
between landscape configuration and distribution patterns.

An important design aspect was the decision to not include
agricultural land-use alternatives in the Landscape IMAGES imple-
mentation for the NGO. As a consequence, landscape redesign
suggestions were not evaluated in terms of pasture management
and its consequences to dairy farms operating in the area. The
reasons for this were two-fold. Including the large amount of agro-
nomic knowledge on pasture management that is available (e.g.
Van de Ven, 1996; Groot et al., 2007; Schils et al., 2007) would
obscure model performance on the core interests of the NGO stake-
holder and would deviate from the purpose of end-user validation
by spatial planners. Secondly, knowledge on the effect of pasture
management on the quality of the neighbouring hedgerows or on
the potentials for dispersal of organisms is largely absent and so

that interactions between landscape and agriculture could not be
covered.

Pareto-based Differential Evolution is resilient to different
specifications of the optimization problem, which can be easily
integrated in a GIS and can be coupled to complex computational
algorithms such as mechanistic simulation models and spatial met-
ric calculations, for instance to determine the minimum spanning
tree. Mathematical programming methods tend to fall short when
faced with large combinatorial problems, as is the case in the
applications in this section. Evolutionary computation is a useful
compromise for the type of complex decision problems presented
here where interest is more in trends and variation in the solutions
than in precise optimality. Thus, the flexibility of multi-objective
evolutionary computation offers opportunities for connecting dif-
ferent spatial scales as well as different scientific disciplines to
create new perspectives for sustainable land-use. Future applica-
tions will rely on increased algorithmic efficiency, particularly in
view of sparse solution spaces at high numbers of objectives, and
techniques to select and present relevant solutions in the discussion
and negotiation process.

The results of the three types of validation demonstrate the use-
fulness of the approach for landscape planning end-users, and the
acceptability of the ecological quality and landscape character indi-
cators for experts. The simultaneous analysis of different types of
objectives (economic, socio-cultural and ecological), and the scaling
up from the field/hedgerow level to the regional level represented
new perspectives to the end-users. Visual presentation of trade-offs
and the room for negotiation in the various objective dimensions,
as well as visualization of the landscapes associated with a cer-
tain performance was particularly insightful for the end-users. The
study also suggests that to contribute to this type of spatial planning
agronomic research should invest in understanding consequences
of land-use for spatial coherence. This will support the ambitions
of an increasing number of European farmers to contribute to mul-
tifunctionality for the benefit of society at large. The Landscape
IMAGES model may play a role as a tool for integration of knowledge
when used in a process with end-users that allows joint construc-
tion of the various components of the model, including objectives,
system definition and performance indicators. As witnessed in the
case study, the model then represents the boundary object in which
progress in mutual understanding materializes, which constitutes
a key element for end-user validity (Sterk et al., 2006).
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